Abstract-An improved total ionizing dose model for lateral p-n-p bipolar junction transistors is described. The model captures the impact of charged defects on radiation-induced excess base current. Failure to incorporate this mechanism in model underestimates gain degradation.
I. INTRODUCTION
T HE costs associated with using linear bipolar commercial-off-the-shelf (COTS) technologies in space systems are driving the need to expand the role of modeling for parts qualification. These costs are primarily associated with the increasing sophistication of the next-generation systems that require new components not yet qualified and therefore not included on preferred parts list. Due to the combination of lower cost and greater capabilities of commercial parts, COTS technologies represent an increasing percentage of a system's component inventory. Traditional qualification is typically expensive. For lower cost missions, testing every part and technology generation represents a prohibitively high fraction of a mission's budget. One potential solution is the development of effective simulation practices to support "virtual" part qualification.
Developing low-cost methods for simulating the total ionizing dose (TID) and enhanced-low-dose-rate-sensitivity response of linear bipolar COTS circuits requires physicsbased equations that can predict radiation-induced excess base current (I B ) in a bipolar junction transistor (BJT) to a reasonable level of accuracy. To achieve this, BJT models must accurately reproduce the combined impact of fixed positive oxide-trapped charge (N OT ) and interface traps (N IT ). Previous techniques have captured the impact of N IT through the surface recombination velocity (s) parameter and N OT Fig. 1 . Analog Devices AD592 temperature sensor circuit schematic and photomicrograph of the IC [6] . through its impact on depletion width and emitter injection efficiency [1] - [4] . These older techniques were useful in providing qualitative explanations of the mechanisms of TID effects in BJTs; however, they were limited in their accuracy. A recent paper presented a more qualitatively precise model for radiation-induced excess base current (I B ) [5] . However, the analytical equations derived in [5] are still not accurate enough as they do not incorporate the effects of the charged species in the oxide or at the interface. This paper describes refinements to the equations in [2] and [5] that significantly improve the ability of the model to fit the physics of radiationinduced excess base current, specifically in highly radiation sensitive lateral p-n-p (LPNP) BJTs.
II. BACKGROUND Fig. 1 shows the circuit schematic (left) and photomicrograph (right) of the Analog Devices AD590 temperature sensor-a commonly used component in spaceborne systems [6] . The photomicrograph in Fig. 1 reveals two key details: 1) the majority of the p-n-p transistors in the circuit are LPNP BJTs and 2) for many of the LPNP devices (i.e., Q1-Q5), there exists a metal field plate over the base, which is tied to the emitter contact. In fact, the use of emitter-tied field plates over the base region of LPNP transistor is a common layout design practice for many linear bipolar integrated 0018-9499 © 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. circuit (IC) manufacturers [7] . Barnaby et al. [7] described how an emitter-tied field plate could enhance current gain in LPNP BJT's prior to ionizing radiation exposure. Other than the field-plated LPNP (FP-LPNP) devices in Fig. 1, Q6 is a traditional LPNP, in which there is no metal field plate over the base. To accurately characterize ionizing radiation effects in these types of devices, specifically the base current response, a technology computer-aided design (TCAD) structure was created and simulated with ATLAS from the SILVACO, Santa Clara, CA, USA, suite of simulation tools. Figs. 2 and 3 show the cross-sectional views of the TCAD FP-LPNP and traditional LPNP structures used for device modeling in this paper.
In an ionizing radiation environment, a BJT experiences a buildup of defects in the IC SiO 2 passivation layer and at the Si-SiO 2 interface above the neutral-base region. In an LPNP BJT defects created in the oxide layer are typically Fig. 4 illustrates, more accurately, that above the LPNP neutral base, N IT will typically be negatively charged [8] .
III. PREVIOUS WORK-EXISTING MODEL

A. Space-Charge-Region Surface Recombination Current
Ionizing radiation exposure causes an N IT to build up over the entire Si-SiO 2 interface. Over the portion of this interface located above the emitter-base space-charge region (SCR) the probability of surface carrier recombination via N IT is maximized [4] , [9] . At lower positive emitter-base voltages (V EB ), typically below 0.6 V, recombination in the SCR is the primary contributor to the nonideal increase in base current.
An accurate closed-form model for radiation-induced excess base current that occurs at the surface above the LPNP SCR was presented in [5] . This model maintained the wellestablished proportional relationship between the radiationinduced excess base-current and the build of interface defects [1] , [2] , [4] , [5] , i.e.,
In this latest model
where q is the magnitude of charge, V T is the thermal voltage, n i is the intrinsic carrier concentration of silicon, P E is the emitter perimeter, E m is the maximum electric field in the emitter-base SCR, and s is the surface recombination velocity at the Si-SiO 2 interface due to the buildup of N IT [5] .
The relationship between N IT and s is [10] s = σ υ th
where the relationship between D IT and N IT is given by [11] 
In (3), σ is the carrier capture cross section, υ th is the carrier thermal velocity (∼ 10 7 cm/s), and D IT is the number of interface traps per unit area per unit energy. In (4), E g is the bandgap energy of Si. It should also be noted that (3) assumes a constant energy distribution of interface traps throughout the Si bandgap [5] , [10] , and that acceptor-like and donor-like traps are defined above and below the intrinsic Fermi level, respectively [11] .
In an LPNP BJT with a highly asymmetrical junction, where emitter doping is greater than the base doping, the maximum field can be expressed as
where ε Si is the permittivity of silicon. E m is also a function of V EB and N D , the donor concentration of the base [5] . As shown in (2), this field is a critical factor in the excess base current calculation.
For an ideal (pre-irradiated) BJT, base current can typically be approximated as
where A E is the active emitter area, D n is the diffusion constant, N E is the emitter doping, and W E is the effective emitter width [12] . The total base current after radiation exposure is thus often modeled as
where it is assumed that SCR surface recombination current dominates the excess current response. Table I lists the parameters used for both the analytical and device simulation (TCAD) models discussed in this paper.
B. Neutral-Base-Surface Recombination Current
If the impact of positive trapped charge is omitted, in a p-n-p BJT as N IT builds up at the Si-SiO 2 interface, the neutral base becomes more and more depleted of majority carriers, and a depletion region forms along the surface of the base. As a result, electron-hole recombination along the neutral-base surface can increase significantly [2] , [4] . Barnaby et al. [2] expressed this current as
where L P is the minority carrier diffusion length at the base surface, s is the surface recombination velocity described in (3), and n s is the surface electron concentration. In [2] , n s was assumed to only be a function of positive oxide (8) is defined by
where W B is the width, from emitter to collector, of the base region [2] , [13] . If the scenario exists where W B << L P , then (8) simplifies to
For the LPNP structure considered in this paper, which is typical of most devices used in linear bipolar COTS circuit technologies, W B is smaller than L P . In order to improve the accuracy of the TID model for LPNP BJTs, the surface recombination current term given in (10) is added to the total base current equation in (7).
C. Series Resistance Modification
The TCAD simulation results shown in Fig. 5 show a rolloff in the excess base current response, which is attributed to a parasitic series resistance that exists between the emitter and base contacts [13] . As the base current increases, the voltage drop across this series resistor increases, thereby decreasing the effective emitter-base voltage. This decreases the base current at higher V EB values. This effect can be incorporated into (2) and (10) as
and
where I E is the transistor's emitter current and R s is the series resistance between the emitter and base. It should be noted that this IR drop should also be included in (5) and (6). Equations (11) and (12) represent the "existing" model for radiation-induced excess base current in LPNPs, i.e.,
where the total increase in base current, I B is the sum of the two current components described previously: the SCR surface recombination current (I R−SCR ) and the neutralbase-surface (NBS) recombination current (I R−NBS ) [2] IV. IMPROVED MODEL
The primary pitfall of the existing model is that the only mechanism causing LPNP base current to increase is the surface-recombination velocity term s. Although surface recombination velocity remains an important mechanism for accurate I B calculations, the negative charge state of the interface defects over the n-type base also plays a crucial role in determining radiation-induced excess base current.
The failure of the existing model to incorporate the electrostatic effects of these defects significantly limits the model's accuracy. This can be observed in Fig. 4 , where in addition to the TCAD results, the existing I B model calculations (dashed line) are given. For the TCAD simulation and model calculations, an N IT density of 10 11 cm −2 is added. The discrepancy between the two curves indicates that the model does not accurately predict the excess base current response obtained with TCAD. Indeed, for an emitter-base voltage of 0.5 V, the model calculation is nearly 7 times lower than that of the TCAD simulation results.
A. Surface Potential Model
To precisely capture the electrostatic impact of charged interface traps on I B it is critical to calculate how N IT alters the active base surface potential ψ s , which was a recognized factor although not included in the model in [2] . According to Shockley-Read-Hall recombination statistics, the surface recombination rate (U ) can be expressed as
where n(x) and p(x) are the electron and hole concentrations at the base surface [4] , [6] . These carrier concentrations at the base surface (x = 0) are defined by
Therefore, the surface recombination rate is not only a function of s, but also a function of the base surface potential (ψ s ) as well. Previous surface recombination current models expressed in (11) and (12) were derived using forms of (14); however, the influence of charged N IT on ψ s was not accounted for in either model. The LPNP structures (shown in Fig. 1 ) can leverage metaloxide-semiconductor field-effect transistor (MOSFET) surface potential models. The standard MOSFET surface potential model is described by the following set of equations [14] 
B V T H (ψ s ) (17) where
In (17), V GB is the gate-to-bulk potential, and the sign function sgn (ψ s ) is equal to −1 when ψ s < 0, +1 when ψ s > 0, and equal to 0 when ψ s = 0. Also in (17) , ϕ MS is the metalsemiconductor work function, and "body factor" γ B is given by [15] 
Equation (18) arises from the charge per unit area at the SiSiO 2 interface that can be introduced by ionizing radiation. This radiation-induced charge per unit can be expressed as [8] 
Therefore, the potential contributed by ionizing radiationinduced defects (N OT and N IT ) is ϕ nt . Equations (17)- (19) indicate that the base surface potential is implicitly defined. One method of solving implicitly defined functions is through numerical methods. For FP-LPNP structure, like in Fig. 2 , there is a built-in potential drop (V bi ) from the p + emitter to the n-type base. If the emitter contact is ohmic, then ϕ ms = 0 V. Since the field plate is shorted to the emitter contact, the gate-to-bulk voltage term is modified such that V GB = V EB − V bi . The surface potential equation (17) is then modified as Fig. 3 , there is no metal gate over the oxide layer above n-type base region. Therefore, the surface potential equation in (17) is modified by setting V GB and ϕ ms equal to 0 V, such tha
B V T H (ψ s ). (22) For a nongated (no field plated) LPNP transistor, like in
(φ nt − ψ s ) 2 = sgn(ψ s )γ 2 B V T H (ψ s ).(23)
B. Incorporating ψ s Calculations Into the I B Model
In the case of surface depletion, the surface majority carrier concentration of the LPNP BJT base is decreased, and the maximum electric field expression in (5) is modified as
where the surface carrier concentration term n s (ψ s ) in (15) replaces the base doping term N D in (5). Thus, the excess base current term in (11) can be modified as
Equation (12) can also be modified to incorporate surface electron concentration (n s ) as a function of surface potential (ψ s )
Therefore, the total increase in base current I B can now be more adequately expressed as a function of ψ s
Equation (27) represents the "improved" model for predicting excess base current in an LPNP BJT caused by ionizing radiation. For the proposed "improved" model calculations in Sections IV-C and IV-D, the simulation software MATLAB is used to calculate the implicitly defined surface potential ψ s described in (22) and (23).
C. Model Validation With TCAD Simulation
To verify the accuracy of the improved model, which incorporates surface potential, over the existing, both model calculations are compared with 2-D TCAD simulations of the structures in Figs. 2 and 3 .
Figs. 6 and 7 show the new improved model calculation of excess base current (I B ) versus V EB (black solid line) for an interface trap concentration of N IT = 10 11 cm −2 as well as the existing model calculation of excess base current versus V EB (dashed line) for the same N IT concentration. In Fig. 6 , the improved model calculation (27) uses the surface potential (ψ s ) equation given in (22) for an FP-LPNP and the improved model calculation in Fig. 7 uses ψ s equation given Unlike the existing model, the improved model captures the electrostatic effects of the charged interface traps on the surface potential and surface carrier (electron) concentration of the base region, resulting in a significantly closer match to the TCAD simulated FP-LPNP and LPNP structure that uses the same defect levels and device parameters.
Figs. 8 and 9 show the excess base current values for interface trap concentrations (N IT ) levels ranging from 10 10 to 10 11 cm −2 at an emitter-base voltage of 0.5 V. For each N IT value, the improved model provides a closer match to the FP-LPNP and LPNP TCAD simulations than the existing model. These results demonstrate the improved model's accuracy over a range of N IT levels.
To demonstrate the full-effect charged interface traps have on the LPNP base current response, the trapped-oxide charge defect concentration (N OT ) was omitted from the preceding Fig. 3 (squares) . TCAD simulations and model calculations in Fig. 6 through Fig. 9 . The motivation for this omission comes the fact N OT represents a positive trapped charge in the oxide layer which counteracts the electrostatic impact of N IT on the surface carrier recombination that causes base current to increase [2] .
D. Comparison to Experimental Data
An experiment was conducted in which multiple test chips containing gated LPNP (GLPNP) and nongated LPNP devices were irradiated with TID levels of 5 krad(SiO 2 ), 10 krad(SiO 2 ), 20 krad(SiO 2 ), 30 krad(SiO 2 ), and 40 krad(SiO 2 ). The LPNP transistors on these test chips, shown in Fig. 10 , were fabricated in the National Semiconductor Corp. (NSC), Santa Clara, CA, USA, LM124 process [16] and irradiated in a Gammacell 220 Cobalt-60 irradiation source. A photomicrograph of the LPNP BJT on the chips is shown in Fig. 10 .
The electrical characteristics of both GLPNP and LPNP BJTs were measured with an Agilent 4156 Semiconductor Parameter Analyzer prior to and after irradiation. All devices were irradiated in an unbiased configuration at a dose rate of 100 rad(SiO 2 )/s. Concentrations of interface traps (N IT ) and trapped-oxide charge (N OT ) were extracted from data on GLPNP BJTs using the methods described in [11] . Table II lists the extracted N IT and N OT concentrations at each irradiation dose. N IT and N OT levels were taken from three separate GLPNP test devices of the same construction and averaged. Table II lists the average values. For the LPNP devices base currents were obtained by sweeping the emitter voltage from 0.3 to 0.7 V and fixing base and collector terminals to 0 and −1 V, respectively. Fig. 11 shows the measured excess base current response as a function of emitter-base voltage for a TID level of 30 krad(SiO 2 ). Fig. 11also shows results from the existing and improved I B model using the N IT and N OT concentrations in Table II , corresponding to a TID of 30 krad(SiO 2 ). Since the fabricated LPNP test device in Fig. 10 is nongated (no field plate), the improved I B model is calculated with the surface potential (ψ s ) equation for an LPNP device given in (23). Fig. 12 shows the excess base current model calculations and experimental data at each TID level with a fixed emitterbase voltage of 0.5 V. N IT and N OT values in Table II were used in the improved and existing model calculations.
In Section IV-C, the existing I B model calculation significantly underestimated the amount of excess base current when compared with the TCAD simulation results. This is due to the fact that these simulations were performed with N OT = 0 cm −2 . In this case, the negative charge state of N IT causes the Si-SiO 2 surface to become "depleted," i.e., surface potential ψ s < 0 V. This charge-state-induced change in ψ s is, however, accounted for in the improved I B model. In Figs. 11 and 12 the existing I B model calculation overestimates the amount excess base current. The overestimation is a result of the buildup of positively charge N OT in the fabricated LPNP's SiO 2 layer. If enough N OT is present, the Si-SiO 2 surface will become accumulated, i.e., surface potential ψ s > 0 V. The advantage of the improved I B model is that it accounts magnitude and sign of ψ s and modifies the excess base current calculation, via the surface electron concentration n s described in (15) and (16), accordingly. The improved model (25)-(27) is consistent with the experimental results in [17] . For example, the accumulating effects of N OT in the model reproduce the same general trends as positive gate voltage on GLPNP excess base current ideality factor [17] .
V. CONCLUSION
BJTs play a variety of important roles in systems where they are exposed to ionizing radiation. They are used extensively for analog circuits utilized in spaceborne applications. In such environments exposure to TID causes a large increase in bipolar base current, which reduces current gain and can ultimately cause components to fail. As such, to have an analytical model that accurately predicts base current degradation would allow designers to create more reliable systems.
In this paper, an earlier model for the radiation-induced increase base current for LPNP devices was reviewed. This "existing" model was based only on increased surface recombination brought on radiation-induced interface traps at the LPNP base surface. A new, improved model has been presented which quantifies the impact of charged interface trap defects on the surface potential and carrier concentration at the bipolar base surface. To precisely calculate these impacts, MOS transistor models are leveraged and applied to predict the surface potential over the base region of a BJT. Although MOS surface potential models are well established in regard to the study and operation of MOSFETs, applying such models to predict the physics of radiation-induced excess base current in bipolar transistors, specifically in highly radiation sensitive LPNP BJTs, represents a novel approach
The result is such that by capturing the electrostatic effects of charged interface traps and series resistance, the new model provides a closer match to both I B versus V EB and I B versus N IT curves obtained from TCAD simulations on representative LPNP and FP-LPNP BJT structures. Moreover, when compared to experimental data obtained from an LPNP test structure fabricated with the NSC LM124 process the improved model exhibits significantly more accurate calculations of excess base current over the existing model at TID levels between 5 and 40 krad(SiO 2 ).
The improved I B model presented in this paper could ultimately support a modeling platform to enable faster and lower cost qualification for COTS linear bipolar components by predicting TID effects in LPNP devices. The improved model is based on the physics governing bipolar devices operation and is generally applicable to all BJT variants, including vertical BJTs.
